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An Abstract of the Thesis by 
Charith Kasun Ranaweera  
 
 
Bio-based polyol for rigid polyurethane (PU) foams and porous structured carbon 
as an electrode material for supercapacitors were synthesized from readily available 
biowaste precursor (orange peel) as an alternative to currently used petroleum-based 
starting materials. Synthesized bio-based polyols were characterized using FTIR, GPC, 
hydroxyl number, and viscosity measurements. These analyses indicated that intended bio-
based polyol was obtained via thiol-ene chemistry with a high yield. Rigid PU foams 
prepared from bio-based polyol exhibited density around 35 kg/m3, maintained a regular 
cell structure with uniform cell distribution, closed cell content over 90%, and excellent 
compressive strength of ~230 kPa, suggesting its suitability for thermal insulation 
applications. To improve the fire safety of rigid PU foams, dimethyl methyl phosphonate 
was added and fire resistance properties was regulated according to the horizontal burning 
test. Foams containing only 2 pbw of DMMP showed reduction in burning time by ~83% 
compared to the neat foam (without DMMP). TGA analysis indicated that the improved 
flame retardancy could be attributed to the release of DMMP at the temperature range of 
100 °C to 250 °C. 
Porous carbon prepared through KOH activation and pyrolysis demonstrated its 
potential as a high performing electrode material for energy storage. It was found that 
surface area and pore size of carbon can be controlled by varying the precursor to the KOH 
ratio. The specific surface area significantly increased with the increasing amount of KOH, 
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reaching specific surface area of 2,521 m2/g for 1:3 mass ratio of precursor/KOH. However, 
the 1:1 mass ratio of precursor/KOH displayed the optimum charge storage capacitance of 
407 F/g, owing to the ideal combination of micro-mesopores and higher degree of 
graphitization. The capacitive performance of the orange peel derived electrode was found 
to be varied with the electrolyte employed. The orange peel derived electrode in KOH 
electrolyte displayed the maximum capacitance and optimum rate capability. The orange 
peel derived electrode maintained above 100% capacitance retention during the 5,000-
cyclic test and identical charge storage over different bending status. The fabricated 
supercapacitor device delivered high energy density (100.4 mWh/cm2) and power density 
(6.87 W/cm2), along with improved performance at elevated temperatures. This thesis 
demonstrates biowaste can be facilely converted into valuable starting materials for 
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1.0 INTRODUCTION AND LITERATURE REVIEW 
 
 
Currently, crude oil and natural gases stand as the main source of energy in the 
world. However, we are even more dependent on petrochemical feedstock for raw 
materials and chemical building blocks to manufacture thousands of products, ranging 
from simple toys to pharmaceuticals. During the twentieth century, a remarkable growth 
of the chemical industry was observed with the wide availability and facile production 
process of petroleum [1]. Irreversible depletion of fossil fuel, volatile oil prices, adverse 
stresses on environment, and nonuniform distribution of fossil fuels have initiated the 
process of discovery for alternative sources. Bio feedstocks, such as agricultural products 
(not for food), agricultural waste, forestry feedstock, animal biomass, algae, and bacterial 
cellulose, offer renewable sources for primary chemicals and raw materials [2,3]. Although 
the utilizations of bio feedstocks are in early stages, the end of affordable fossil fuel is 
expected to significantly raise the demand for bio feedstocks around 2040 [4]. Already, the 
United States Department of Energy has planned strategies to obtain  10% of starting 
material from plant-based renewable resources by 2020 and plan to achieve a target of 50 
% by 2050 [5]. 
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1.1 Green Polyurethane 
1.1.1 Present Status of Polyurethane 
Polyurethane (PU) has rapidly progressed as a prominent polymeric material since 
its discovery as an excellent adhesive by Otto Bayer in 1937. Since its first discovery, 
polyurethane has been developed into versatile material, which can be used for various 
applications in modern life [6]. Polyurethanes are used in the form of rigid foams, flexible 
foams, thermoplastics, elastomers, coatings, and adhesives, for a wide range of applications 
such as building and construction, packaging, insulation, bedding and furniture, 
automotive, footwear, binding, and panting [7]. Polyurethane is the sixth mostly used 
polymer and it contributes to 5% of the total polymer market. Global PU production 
reached 18 million tons in 2016 and it is expected to grow by 7.4% during the period of 
2016 to 2020 [8]. Among all forms of polyurethanes, rigid polyurethane foam (RPF) 
accounts for one-fourth of the PU market and it is the second most produced form of PU, 
after flexible polyurethane foam [9]. RPF is a combination of solid PU matrix and gases 
generated by a blowing agent, and approximately 96% of the total volume is occupied by 
the air. RPFs have emerged as a prime candidate for thermal insulation, sealant, and filling 
material due to their low thermal conductivity, low density, high compressive strength, 
dimensional stability, and low moisture permeability. In addition, use of RPFs can be found 
in refrigerators, boat flotation, buoys, and aircrafts [10].  
Polyurethane foams are prepared via polyaddition reaction between diisocyanate 
and polyol (Figure 1.1) in presence of a blowing agent, catalyst, and surfactant. During 
foaming process, isocyanate also reacts with water (Figure 1.2), a commonly used blowing 
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agent to release carbon dioxide which responsible for the foaming process of the PU foams 
[11]. 
 
Figure 1.1  Reaction between diisocyanate and polyol to synthesis polyurethane 
 
 
Figure 1.2  Reaction between isocyanate and water to release CO2 
Recently, the use of bio-based chemicals as the starting materials for polyurethane 
has gained considerable attention due to concerns over scarcity of petrochemicals, 
environmental issues, and competitiveness of bio-based PU to petrochemical counterparts. 
Extensive research has been focused on synthesizing plant derived isocyanates and polyols, 
two starting monomers of polyurethane, to replace the conventional petrochemical based 
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monomers. Generally, diisocyanates used for the synthesis of PU are derived from 
petrochemicals, and the use of bio-based diisocyanates are infrequently reported in 
literature. Isocyanate containing plant oil triglycerides were synthesized by brominating 
the triglyceride and subsequently reacting the brominated group with AgNCO to obtain 
isocyanate groups [12]. Synthesis of linear saturated diisocyanate was reported by Hojabri 
et al. using the Curtius rearrangement. This diisocyanate was derived from oleic acid and 
PU sheets prepared from plant-derived diisocyanate exhibited comparable physical 
properties to petroleum diisocyanate [13]. Various vegetable oils have been explored for 
the synthesis of polyol for polyurethane due to their low cost and wide availability. These 
vegetable oils consist of unsaturated triglyceride molecules which can be converted into 
hydroxy functional groups to obtain polyol for the subsequent reaction with diisocyanate. 
Soybean oil [14–16], castor oil [17,18], rapeseed oil [19,20], and palm oil [21,22] are the 
commonly used vegetable oils for the preparation of bio-based polyols. 
1.1.2 Chemistry of Bio-based Polyols 
So far, various plant derived oils have been explored for the synthesis of polyols 
for polyurethanes because of their sustainability, availability, and value for agricultural 
products, as well as their commercial competitiveness. However, most plant oils require 
additional reaction to incorporate hydroxyl functional group to undergo the reaction with 
isocyanate for the preparation of PU. Epoxidation [23–25], hydroformylation [26–28], 
ozonolysis [29,30], and transesterification [31,32] are among commonly utilized synthesis 
routes to modify the unsaturation of the triglycerides or fatty acids. These synthesis 
processes involve multi-step reactions or expensive catalysts, whereas thiol-ene chemistry 
offers a simple but efficient and rapid chemical route to functionalize the unsaturated 
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molecules. Thiol-ene chemistry proceeds through free-radical addition of thiols onto non 
activated double bonds under UV or heat initiation [33] as shown in Figure 1.3. 
 
Figure 1.3  Mechanism of thiol-ene reaction 
Thiol-ene coupling reaction has been used to alter the chemical structure of plant 
oils for various applications. Hydroxy thio-ether derivatives of vegetable oils were 
obtained by thiol-ene coupling to improve the wear and friction resistance of the vegetable 
oils [34–36]. Thiol-ene coupling is an effective reaction for crosslinking and 
oligomerization of vegetable oils with polyfunctional thiols under UV irradiation [37–39]. 
Notably, renewable monomers based on fatty acids have synthesized from thiol-ene 
reaction. Subsequently, monomers were polymerized to polyesters and polyanhydrides. 
These polymers exhibited fast degradation in hydrolytic condition, indicating their 
suitability for biomedical applications [40–42]. 
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1.1.3 Flame-Retardant Polyurethane Foam 
The main disadvantage of the polyurethanes is low flame retardancy due to the 
predominant presence of carbon, hydrogen, and oxygen in its structure. The highly porous 
and combustible nature of polyurethane foams further facilitate the flame spread rate [43]. 
Fire risks of polyurethane foams restricts some of its valuable applications [44]. Therefore, 
many studies have been conducted to improve the flame-retardant properties of 
polyurethanes. For example, phosphorous, nitrogen, aluminum, and expandable graphite 
containing compounds have been used as flame-retardant additives in polyurethanes [45–
48]. Among them, phosphorous compounds were found to be effective additive flame-
retardant.  
1.2 Bio-based Electrode Materials for Supercapacitors 
1.2.1 Supercapacitor as an Energy Storage System 
Increasing demand for energy, deflation of fossil fuels, and environmental and 
economic concerns are driving the world towards production of sustainable energy, as well 
as development of efficient energy storage systems to harness the produced energy. 
Supercapacitors, or electrical double layer capacitors, are one of the advanced energy 
storage devices and have been drawing significant attention lately because of their unique 
advantages, such as pulse power supply, rapid charging time, outstanding service life, and 
operational safety [49,50]. As illustrated in the Ragone plot in Figure 1.4 [51], 
supercapacitors occupy a unique position among energy storage systems, since they deliver 
larger power density than all types of batteries and higher energy density than conventional 
capacitors. Due to these capabilities, supercapacitors are emerging as promising energy 
storage devices in 21st century over conventional energy storage devices for wide range of 
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applications in electrical vehicles, aircrafts, portable electronics, and energy harvesting 
systems [52,53]. 
 
Figure 1.4  Ragone plot (specific energy vs specific power) for commonly used energy 
storage devices (adopted from ref. 51 with permission from Springer) 
The typical structure of a supercapacitor includes two electrodes, separated by an 
ion transporting layer, immersed in an electrolyte solution. Energy stored in a 
supercapacitor is governed by two distinct electrochemical mechanisms, electric double 
layer capacitance (EDLC) and pseudocapacitance. In EDLC, accumulation of charges on 
the electrode/electrolyte interface leads to electrical energy storage, and pseudocapacitance 
is triggered by a reversible redox reaction, which results in electron transfer between 
electrode and electrolyte [54]. These two-electrochemical processes can operate 
simultaneously or individually, owing to the nature of the electrode material. Carbon based 
electrodes favor towards EDLC, while metal oxide, metal sulfide, and conducting polymers 
exhibit pseudocapacitance.  
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1.2.2 Biomass Derived Carbon for Electrode Materials 
Thus far, various forms of carbon including activated carbon, graphene, carbon 
nanotubes (CNT), carbon nanofibers, and carbon aerogels have been exploited for 
supercapacitor applications due to their exceptional electrochemical and physical 
properties. Previously reported capacitive performance of these carbons are listed in  Table 
1.1 [55]. A tedious synthesis process and relatively high cost of advanced carbon allotropes 
such as CNT and graphene limit their extensive use in commercial energy storage devices. 
In contrast, activated carbon represents a cost effective yet facile synthesis process for 
carbon based electrode material compared to more advanced carbon allotropes. 
Table 1.1  Specific capacitance of carbon-based materials in supercapacitors (adopted from 
ref. 55 with permission from Royal Society of Chemistry) 
Carbon Material 
Specific capacitance in 
aqueous electrolyte 
Specific capacitance 
in organic electrolyte 
F/g F/cm2 F/g F/cm2 
Commercial activated carbons <200 <80 <100 <50 
Particulate carbon from SiC/TiC 170-220 <120 100-120 <70 
Functionalized porous carbon 150-300 <180 100-150 <90 
CNT 50-100 <60 <60 <30 
Templated porous carbon 120-350 <200 60-140 <100 
Activated carbon fibers 120-370 <150 80-200 <120 
Carbon cloth 100-200 40-80 60-100 24-40 
Carbon aerogels 100-125 <80 <80 <40 
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Commercial activated carbon is largely produced by carbonization of petroleum 
coke in an inert atmosphere [56], which is increasingly turning into expensive and 
environment damaging process. However, bio feedstocks offer a rich source of organic 
carbon, which can be easily converted into useful carbon material for supercapacitor 
electrodes. Lignocellulosic (cellulose, hemicellulose, and lignin) biopolymers are the 
primary constitution of plant biomass [57]. Among bio feedstocks, agricultural wastes 
attracted the most interest because of their low cost, wide availability, sustainability, and 
value addition. Sugarcane bagasse is a waste product generated from sugarcane milling. 
Porous carbon derived from sugarcane bagasse exhibited the specific capacitance between 
142-300 F/g [58–60]. Rice husk is another agricultural waste which has extensively 
exploited for the supercapacitor electrodes. Rice husk based carbon exhibited a high 
specific surface area (2,804-3,145 m2/g) and specific capacitance in the range of 147-367 
F/g [61–63]. Biowaste such as corncob residue, coconut shell, sunflower seed shell, 
shaddock peel, oil palm kernel shell, waste coffee beans, waste tea leaves, and banana peel 
have been utilized as precursors to prepare activated carbon for electrodes in 
supercapacitors [64–71]. Bamboo is one of the widely-used plant materials for the 
preparation of activated carbons. Supercapacitors fabricated from bamboo based carbon 
demonstrated a specific capacitance between 258 to 510 F/g [72–74]. There are reports on 
use of plant material such as hemp, seaweeds, paulownia flower, dead leaves, cotton, and 
ramie fiber for supercapacitors [75–80]. 
Suitable pore structure and high surface area of electrode material and selection of 
appropriate electrolyte are key parameters that enhance the performance of carbon based 
supercapacitors [81]. In the last decade, several efforts have been focused on the continuous 
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improvement of biomass-derived activated carbon based electrodes. Preparation of 
activated carbons from biomass involves two processes, pyrolysis of precursor in an inert 
environment, accompanied with chemical or physical activation at higher temperature. 
Steam [82] and CO2 [83] are the  main class of physical activators. Chemical activation 
agents such as KOH [84], NaOH [85], H3PO4 [86], ZnCl2 [87] have been employed to 
introduce porosity to carbon for numerous applications. Among them, KOH is the most 
attractive chemical reagent for the activation process of carbon used in supercapacitors 
because it produces high carbon yield, high porosity, and precise pore size distribution and 
ultrahigh surface area (~1 ml/g and ~3,000 m2/g) [88,89]. Apart from the surface area and 
pore characteristics, the charge storage capacity of a supercapacitor depends on surface 
functionality. Incorporation of a surface functional group containing oxygen [90], nitrogen 
[91], or sulfur [92] can induce the pseudocapacitive behavior and increase wettability to 
improve the capacitance. 
1.3 Orange Peel as a Starting Raw Material  
According to the latest statistics from the United States Department of Agriculture, 
the estimated global orange production reached 49.6 million metric tons for 2016-2017 
[93]. Among those, significant percentage of oranges are processed to manufacture fruit 
juice, 50–60% of which is discarded as waste [94,95]. A major portion of the waste consists 
of orange peel, and it accounts for about 44% of the total weight of the orange fruit [96]. 
As a widely available and readily collectable industrial biowaste, various applications 
including extraction of pectin [97], heavy metal adsorption [98], dye adsorption [99], 
production of biofuel [100], and starting material for polymers [101]  have been proposed 
for orange peel to date.  
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Waste orange peel can provide renewable chemical building blocks to synthesize 
polyol for polyurethane. Citrus essential oil is the major component of the extract of orange 
peel, which consists of limonene as its major component (~96%) [102]. Citrus oil is 
extracted using simple techniques such as cold pressing, steam distillation, and solvent 
extraction [103]. Limonene is a hydrocarbon with a monoterpene structure (Figure 1.5). 
The monocyclic terpene structure of limonene presents several synthesis routes. For 
example, low molecular weight polylimonene and copolymer of limonene-maleic 
anhydride have been previously synthesized utilizing the Ziegler catalyst system and 
radical polymerization method, respectively [104,105]. The presence of internal and 
external alkene functional groups in the terpene structure opens the thiol-ene synthesis 
route for limonene with the thiol compound [106]. Janes et al. have synthesized thiols of 
limonene, α-pinene, α- and γ-terpenine, terpinolene, 3-carene and pulegone by reacting 
those with hydrogen sulfide using the thiol-ene reaction [107]. Marvel and Olson exploited 
the thiol-ene reaction to prepare dithiol from thioacetic acid and limonene, later 
polymerizing it with limonene to obtain a copolymer [108]. This thesis is focused on 
transforming limonene in to a polyol for subsequent synthesis of polyurethane foam with 
added benefit of safety from fire hazards. 
Waste orange peel represents a great source of carbon. The composition of orange 
peel consists  of approximately 71% carbon, 22% oxygen, 2% nitrogen, 2% hydrogen and 
3% ash [109]. The presence of a larger carbon content suggests orange peel can be directly 
converted in to activated carbon for electrode material (Figure 1.5), ensuring a high value 
addition to the waste. For example, Arie et al. carbonized the orange peel in the presence 
of ZnCl2 as the chemical activation agent and subsequently used it as electrode material in 
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a supercapacitor. Activated carbon exhibited a surface area of 1,200 m2/g and an inferior 
capacitance of 56 F/g [110]. H3PO4 activated orange peel derived carbon has been used for 
electrodes in supercapacitors and as catalytic support for oxygen reduction reactions. 
Supercapacitor delivered a specific capacitance of 275 F/g [111]. These results indicate 
that there is still room for improvement. In this thesis, methods to control the architecture 
of orange peel derived carbon and the selection of electrolytes to maximize the charge 
storage capacity and electrochemical performance are presented, leading to an efficient use 
of biowastes. 
 
Figure 1.5  Conversation of waste orange peel to useful stating materials 
1.4 Motivation and Objective of the Thesis 
Transition from today’s petrochemical-dependent society toward a bio-biased 
society is becoming an essential requirement for maintaining a sustainable environment 
and economy. Therefore, substituting fossil fuel based material with renewable material 
has attracted great interest among the scientific world. However, the cost of producing bio-
based materials remains expensive compared to fossil fuel based materials. The main aim 
of this thesis is to introduce a low cost and renewable biowaste (orange peel) for the 
synthesis of polyurethane and supercapacitor applications as a contribution to drive 
towards a greener world. 
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In the first phase, the primary objective was to prepare a flame-retardant and bio-
based rigid polyurethane foam, starting from limonene (an extract from orange peel).  
Limonene polyol was synthesized via a thiol-ene reaction and characterized using 
analytical techniques and wet methods. Flame-retardant rigid polyurethane foams were 
synthesized starting from limonene polyol and by incorporating dimethyl methyl 
phosphonate (DMMP). Physical, mechanical, morphological, and fire resistance properties 
of RPF were characterized, in order to 
• evaluate the viability of the thiol-ene reaction to synthesize bio-based polyol by 
reacting limonene and 1-thioglycerol; 
• study the effects of bio-based polyol on the properties of RPF and compare them 
with commercial polyol based RPF; and 
• investigate the effect of DMMP content on the properties of RPF. 
The objective of the second phase was to engineer the orange peel derived carbon 
by employing a chemical activation agent for supercapacitor electrodes. A series of 
activated carbons, ranging from 0 to 3 mass ratios of chemical activation agent/OP were 
prepared, structurally characterized, and studied the electrochemical performance using 
three-electrode system and supercapacitor device in order to, 
• control and obtain a suitable pore structure to maximize the charge storage 
capacitance; 
• select an electrode-electrolyte system to deliver optimum power and energy density 
along with high rate capability; and 
• design a porous carbon for long term stable, flexible, and high performance 
supercapacitor electrode. 
 












2.0 BIO-BASED AND FLAME-RETARDANT RIGID POLYURETHANE FOAM 
 
 
2.1 Experimental  
2.1.1 Materials and Synthesis of Limonene Polyol 
Limonene, 1-thioglycerol, and 2-hydroxy-2-methylpropiophenone were obtained 
from Sigma-Aldrich for the synthesis of limonene polyol (LTG). A commercially available 
polyol, soybean oil-based X-210 (OH content of 210 mg KOH/g), was received from 
Cargill and a sucrose-based polyether, Jeffol SG-520 (OH content of 520 mg KOH/g), was 
received from Huntsman. Rubinate M Isocyanate (polymeric methylenediphenyl 
diisocyanate, NCO content of 31%) was supplied by Huntsman. For the preparation of rigid 
polyurethane foams, catalysts DABCO T-12 and NIAX A-1 were purchased from Air 
Products and OSi Specialties, respectively. Silicone surfactant (Tegostab B-8404) was 
purchased from Evonik. Distilled water was the blowing agent. Dimethyl methyl 
phosphonate from Sigma-Aldrich was used as the additive flame retardant.  
One-step thiol-ene chemistry was used for the synthesis of polyol based on 
limonene and 1-thioglycerol. In a typical synthesis, limonene (23.8 g) was added into 1-
thioglycerol (37.8 g), which gave 1:2 molar ratio of limonene to 1-thioglycerol. The thiol-
ene reaction was carried out at room temperature for 8 hours under 365 nm ultraviolet 
radiation in the presence of 2-hydroxy-2-methylpropiophenone (1.5 g) as the photo-
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initiator. The reaction was carried out under constant stirring using magnetic stirrer at 300 
rpm. 
2.1.2 Preparation of Rigid Polyurethane Foams 
Rigid polyurethane foams were prepared using limonene polyol, commercial 
polyols (X-210 & SG-520) and a blend of limonene polyol/commercial polyol (50/50 w/w 
ratio). Equivalent weight of isocyanate to polyol and distilled water was calculated based 
on the following equation: 









)  … (2.1) 
where wi, wp, wpc and wwater are the weights of isocyanate, limonene polyol, commercial 
polyol and water, respectively; Ewi, Ewp and Ewpc are the equivalent weights of isocyanate, 
limonene polyol and commercial polyol, respectively; and Ewwater = 9, which is the 
hydroxyl equivalent weight of water. RPFs were prepared according to the following 
procedure. Polyol, catalysts, surfactant, blowing agent, and fire retardant (DMMP) were 
mixed thoroughly to obtain a homogenized mixture using a high speed (6,000 rpm) 
mechanical stirrer. The effect of DMMP loading was studied by adding 0, 2, 4, or 6 parts 
by weight (pbw) to polyol. The detailed formulations are given in Table 2.1. After thorough 
mixing, isocyanate was added and the mixture was again stirred for several seconds. 
Finally, the mixture was allowed to rise at room temperature. Foams were kept at room 
temperature for 7 days to complete the curing process. 
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LTG 10 10 10 10 10 10 10 10 20 0 0 
X-210 10 10 10 10 0 0 0 0 0 20 0 
SG-520 0 0 0 0 10 10 10 10 0 0 20 
NIAX   A-1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
Water 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 
DABCO  
T-12 
0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Tegostab 
B8404 
0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 
Isocayanate 31.2 31.2 31.2 31.2 38.4 38.4 38.4 38.4 39.5 22.9 37.2 
DMMP 0 2 4 6 0 2 4 6 2 2 2 
* pbw- parts by weight 
2.1.3 Characterization of Limonene Polyol 
The synthesized polyol was characterized using various techniques. The phthalic 
anhydride/pyridine (PAP) method (ASTM-D 4274) was used to determine the hydroxyl 
number of the polyol. Gel permeation chromatography (GPC) was performed using a 
system by Waters (Milford, MA, USA). GPC was composed of four 300  7.8 mm 
phenogel 5 μ columns with different pore sizes of 50, 102, 103 and 104 Å. Eluent solvent 
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was tetrahydrofuran (THF) and eluent rate was 1 ml/min at 30 °C. The FTIR spectrum of 
the polyol was recorded using a Shimadzu IR Affinity-1 spectrophotometer at room 
temperature. Viscosity was measured by using an AR 2000 dynamic stress rheometer (TA 
Instruments, USA) at 25 °C with shear stress increasing from 1 to 2000 Pa linearly. The 
rheometer was equipped with a cone plate with an angle between 2° and a cone diameter 
of 25 mm. 
2.1.4 Characterization of Rigid Polyurethane Foams 
Physical properties, fire-retardant characteristics and morphology of RPFs were 
determined by the following standard procedures. The apparent density of foams was 
determined according to the standard test method for apparent density of rigid cellular 
plastics (ASTM D 1622). The closed-cell content of the foams was determined according 
to ASTM 2856 standard method by using Ultrapycnometer, Ultrafoam 1000. Cylindrical 
shape specimens of 45 mm  30 mm (diameter  height) were used for both density and 
closed-cell content calculations. The compressive strength at 10% strain was measured 
according to the ASTM 1621 standard method by using a Q-Test 2-tensile machine (MTS, 
USA). The specimen sizes were 50 mm  50 mm  25 mm (length  width  height). 
Compressive force was applied parallel to the direction of the foam rise with a strain rate 
of 30 mm/min. The microstructure and morphology of the foams were observed using a 
Phenom G2 Pro scanning electron microscope (Netherlands). Before imaging, rectangular 
shape samples were cut with a sharp blade and attached with conductive carbon tape. 
Samples were gold sputtered to avoid the charging effect during imaging.  
The thermal stability of RPFs was studied using thermogravimetric analysis (TGA) 
on a TA instrument (TGA Q500). Heating was carried out under nitrogen at a rate of 10 
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°C/min. Dynamic mechanical analysis (DMA) was performed on a TA instrument (TA 
2980) which was operated on tension mode on a rectangular shape specimen (15 mm  6 
mm  2 mm). Heating rate and mechanical vibration frequency were set as 3 °C/min and 
10 Hz (amplitude: 15 µm), respectively. The fire-retardant properties of RPFs were studied 
according to the test method for horizontal burning characteristics of cellular polymeric 
materials (ASTM D 4986-98). Specimens of 150 mm  50 mm  12.5 mm were exposed 
to flame for 10 s. Burn time and weight difference (before and after the burning) were 
determined.  
2.2 Results and Discussion 
2.2.1 Synthesis and Characteristics of Limonene Polyol 
The infrared spectra of the synthesized limonene polyol and its starting materials 
are shown in Figure 2.1. The appearance of a broad peak around 3,400 cm-1 in limonene 
polyol indicates the presence of alcohol (-OH stretching) group. This indicates the reaction 
between 1-thioglycerol and limonene. The peak around 2,550 cm-1 is the characteristic 
peak of S–H stretching of 1-thioglycerol. The disappearance of this peak in the FT-IR 
spectrum of the limonene polyol suggests that the reaction has been carried out. In addition, 
alkene group (C=C stretching) around 1,700 cm-1 in limonene has disappeared in the 
synthesized polyol. This further confirms the completion of the free radical initiated 
reaction between thiol and alkene groups of 1-thioglycerol and limonene, respectively, as 
shown in Figure 2.2. The thiol-ene reaction presented a single-step, cost-effective chemical 
route to hydroxy functionalize the limonene for the synthesis of polyols, compared to the 
tedious synthesis processes and expensive catalyst involved with the previously reported 
chemical route for the synthesis of polyols from plant materials [112].  
 
  19 
 
 
Figure 2.1  FTIR spectrums of limonene, 1-thioglycerol and limonene polyol 
 
Figure 2.2  Synthesis of limonene polyol using thiol-ene chemistry 
The hydroxyl number and viscosity of the limonene polyol were determined to be 
569 mg KOH/g and 12 Pa.s, respectively. The GPC curves of limonene-based polyol and 
its starting materials (limonene and 1-thioglycerol) are shown in Figure 2.3. Overlay of the 
GPC curves further confirmed that majority of the limonene and 1-thioglycerol has been 
reacted to form limonene polyol. It can be seen in the GPC curve of the polyol that there 
was only a negligible amount of 1-thioglycerol residue. This suggests that the thiol-ene 
chemistry between limonene and 1-thioglycerol can be utilized successfully to synthesize 
the limonene polyol with a high yield. Two peaks in the GPC curve for the synthesized 
limonene polyol at 35.5 min and 36.9 min retention times were observed. These correspond 
to the two different types of molecular species in the synthesized polyol. The retention peak 
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at 35.5 min represents the higher molecular weight polyol species due to the addition of 1-
thioglycerol to both the internal and terminal double bond of the limonene. The retention 
peak at 36.9 min might be the monoaddition of 1-thioglycerol to terminal double bond as 
a result of the reactivity difference in exocyclic and endocyclic unsaturation of the 
limonene [113].  
 
Figure 2.3  GPC spectra of limonene, 1-thioglycerol (TG) and limonene polyol 
 
2.2.2 Properties of Rigid Polyurethane Foams 
Figure 2.4a and b show the effect of DMMP concentration on the density of RPFs 
prepared using LTG-X 210 and LTG-SG 520 (50:50 w/w). It was observed that the density 
of the RPFs decreased with the increased in DMMP amount. For example, for RPFs 
prepared using LTG-X 210, the density decreased approximately by 10 kg/m3 with 
increasing concentration of DMMP from 0 pbw to 6 pbw. Similar behavior was observed 
for the RPFs prepared using LTG-SG 520. Figure 2.4c compares the densities of RPFs 
containing 2 pbw of DMMP prepared using LTG (2pbwL), X 210 (2pbwX), SG 520 
(2pbwS) and their 50/50 blends (2pbwL/X, 2pbwL/S). Densities of all foams were around 
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35 kg/m3, which comply with the density required for the typical industrial applications 
(20–50 kg/m3) [114].  
   
 
Figure 2.4  Density of the RPFs (a) LTG/X210, and (b) LTG/SG520 blends with different 
loadings of DMMP, and (c) limonene, X210, SG520 and their blends with 2 pbw of DMMP 
Closed-cell content (CCC) is another important property of RPFs that should be 
considered. The CCC of all the polyurethane foams based on limonene and commercial 
polyol blends was above 90% even for the higher concentration DMMP (Figure 2.5a,b). 
This suggests that the RPFs prepared using limonene polyol blends may serve as a better 
thermal insulator due to the higher CCC percentage, which restricts the airflow through the 
foams. Figure 2.5c compares the CCC of RPFs containing 2 pbw of DMMP prepared using 
LTG (2pbwL), X 210 (2pbwX), SG 520 (2pbwS) and their 50/50 blends (2pbwL/X, 
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2pbwL/S). As observed, the CCC of all the foams was above 90%. The comparable CCC 
for the RPFs with and without DMMP suggests that addition of DMMP did not disturb the 
foaming process. The CCC of our prepared polyurethane foams was higher than those 
made using polyether polyol for flame-retardant polyurethanes [115]. 
      
 
Figure 2.5  Close cell content of RPFs (a) LTG/X210 and (b) LTG/SG520 blends with 
different loadings of DMMP, and (c) limonene, X210, SG520 and their blends with 2 pbw 
of DMMP 
The effect of the variation in density on compressive strength was eliminated by 
calculating the specific compressive strength (compressive strength/density) for all the 
foams, as presented in Figure 2.6. The compressive strength of the RPFs synthesized using 
limonene polyol was comparable to the compressive strength of polyurethanes prepared 
using commercial polyether-based polyol [116]. The highest compressive strengths of 233 
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and 226 kPa were observed for neat (without DMMP) polyurethane foams 0pbw-L/X and 
0pbw-L/S, respectively. In contrast, the specific compressive strength of 0pbw-L/S was 
4% higher than that of 0pbw-L/X. The higher specific compressive strength of the L/S 
blends was due to the superior hydroxyl numbers of the SG-520 polyol, which provided a 
maximum crosslinking density to the polyurethane network [117]. Specific compressive 
strength of RPFs seemed to not be affected by the addition of low concentration of DMMP. 
For example, the specific compressive strength of both 0pbw-L/X and 0pbw-L/S RPFs was 
reduced by approximately 5% when 2 pbw of DMMP was added. However, the continuous 
addition of DMMP from 2 pbw to 6 pbw significantly reduced the specific compressive 
strength (by nearly 30% in both types of RPFs). The decrease of the mechanical properties 
can be attributed to the release of lower molecular weight acidic substances due to the 
reaction between polyether polyol and DMMP. As a result, concentration of plasticizer 
increased and this influenced the change in properties [118]. It was further noted that RPFs 
based on limonene polyol have similar compressive strength to the commercial polyol-
based RPFs (Figure 2.6c). However, when they were blended with a commercial polyol, 
the RPFs showed further enhancement in compressive strength. 
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Figure 2.6  Specific compressive strength of RPFs (a) LTG/X210 and (b) LTG/SG520 
blends with different loadings of DMMP, and (c) limonene, X210, SG520 and their blends 
with 2 pbw of DMMP 
The microstructure and cell size distribution of the RPFs were studied using 
scanning electron microscopy (SEM). The SEM images of the polyurethane foams are 
shown in Figure 2.7. As seen in the SEM images, all the polyurethane foams had a polygon-
shaped closed-cell structure which agrees with the above 90% closed-cell content measured 
from the gas pycnometer. Shape of the cell structure and cell size were uniformly 
distributed across the foams. Comparison of the SEM images of RPFs without DMMP 
(Figure 2.7a,e) and RPFs with DMMP (Figure 2.7b–d; 2.7f–h) revealed that average cell 
size increased with the incorporation of the fire retardant. For example, the average cell 
size of the polyurethane foams 0pbw-L/X, 2pbw-L/X, 4pbw-L/X and 6pbw-L/X was 
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observed as 100, 150, 150 and 175 μm, respectively. On the other hand, the foams 0pbw-
L/S, 2pbw-L/S, 4pbw-L/S and 6pbw-L/S showed cell size of about 30, 150, 160 and 170 
μm, respectively. This increase in cell size with the addition of the fire retardant might be 
attributed to the plasticizing effect of DMMP. 
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Figure 2.7  SEM images of RPFs (a) 0pbw-L/X, (b) 2pbw-L/X, (c) 4pbw-L/X, (d) 6pbw-
L/X, (e) 0pbw-L/S, (f) 2pbw-L/S, (g) 4pbw-L/S, (h) 6pbw-L/S, (i) 2pbw-L, (j) 2pbw-X, 
and (k) 2pbw-S 
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Storage modulus and glass transition temperatures (Tg) of RPFs were determined 
using dynamical mechanical analysis (Figure 2.8). The maximum of tan delta was reported 
as the glass transition temperature of the RPFs. The glass transition temperatures of the 
L/X and L/S blends were around 228 °C and 242 °C, respectively. The Tg is affected by 
the crosslinking density. An increase in crosslinking density increases the Tg; therefore, 
higher Tg was observed for the L/S blends. Thermal stability of pure RPFs and DMMP 
containing RPFs were analyzed and illustrated in Figure 2.9.  According to the TGA and 
DTGA curves, there were two and three thermal transitions in pure RPFs and DMMP 
containing RPFs, respectively. The first transition peak for all the DMMP containing 
samples appeared in the temperature range of 100 to 250 °C. On the other hand, pure RPFs 
without DMMP did not show any significant change in weight in a similar temperature 
range. This weight loss in flame retardant containing RPFs can be attributed to the 
volatilization of DMMP [119]. It was also observed that an increase of DMMP percentage 
increased the initial weight loss in fire retardant polyurethane foams. For example, an 
increase of the DMMP quantity in RPFs from 2 pbw to 6 pbw, increased the weight loss 
by 8% in both L/X and L/S samples. The main degradation phase in RPFs was observed 
between 250–400 °C. Significant weight loss (around 50% and 65% for sample L/X and 
L/S, respectively) in this temperature range might be due to the depolymerization of 
polyisocyanates and polyols after the cleavage of polyurethane main chain. As a result, 
some combustible gas products were generated [120].  
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Figure 2.8  Variation of storage modulus in (a) LTG/X210 and (b) LTG/SG520 blends. 
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Figure 2.9  TGA curves of RPFs (a) LTG/X210 and (b) LTG/SG520 blends. DTGA curves 
of RPFs (c) LTG/X210 and, (d) LTG/SG520 blends 
 
The initial thermal transitions of RPFs can be correlated to the burning test results 
in Figure 2.10a–c. Neat RPFs (without addition of DMMP) continued to burn for 110 s 
after the removal of the ignition source. However, RPFs with 2pbw of DMMP stopped 
burning after 19 s (Figure 2.10a,b). This enhanced flame-retardant property of DMMP can 
be explained as follows: under heating, DMMP released the phosphorous containing 
compound into the gaseous phase which was evident from the thermal transition peaks 
appeared between 100-200 oC in DTGA curves. These phosphorous compounds quenched 
the combustible products released during the decomposition of polyurethane foams [115]. 
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In addition, the formation of a char layer also helped to prevent further burning. The flame-
retardant mechanism of DMMP is further illustrated in Figure 2.11. An increase of DMMP 
quantity from 2 pbw to 6 pbw decreased the burning time by 5 s, which was due to the 
release of higher amounts of the phosphorus compound into the gaseous phase. Weight 
loss during the burning was also recorded and shown in Figure 10d–f. The RPFs without 
any flame retardant showed considerable loss of weight. However, the addition of even 
only 2 pbw of DMMP reduced the weight loss by almost 40%. This indicates that the 
DMMP acted as an effective flame retardant in limonene based polyurethane foam. 
Reference RPFs with 2 pbw of flame retardant showed comparable burning time and 
weight loss (Figure 2.10c, f), suggesting the suitability of DMMP as a flame retardant for 
different types of polyurethane compounds. The digital photographs of the polyurethane 
foams after the burring test are shown in Figure 2.12. As seen in the images, the addition 
of DMMP significantly reduced the burning of the polyurethane foams. 
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Figure 2.10  Burning time of RPFs (a) LTG/X210 and (b) LTG/SG520 blends with 
different loadings of DMMP, and (c) limonene, X210, SG520 and their blends with 2 pbw 
of DMMP. Weight loss during the burning test of RPFs (d) LTG/X210 and (e) LTG/SG520 
blends with different loadings of DMMP, and (f) limonene, X210, SG520 and their blends 
with 2 pbw of DMMP 
 
 
  32 
 
 
Figure 2.11  Flame retardant mechanism of DMMP in RPFs 
 
 
Figure 2.12  Digital photographs of the foam after burring test 
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2.3 Summary 
Limonene, an extract of orange peel, was reacted with 1-thioglecyrol using 
photochemically activated thiol-ene chemistry to successfully synthesize bio-based polyol. 
The bio-based polyol was suitable for preparation of rigid polyurethane foam with uniform 
cell morphology, high closed-cell content, and excellent mechanical properties. 
Incorporation of DMMP significantly enhanced the flame-retardant behavior of RPFs. The 
addition of 2 pbw DMMP to the pure RPF reduced the burning time from 110 s to 19 s. 
Further increments of DMMP concentration slightly improved the flame-retardant 
properties. However, addition of DMMP reduced the mechanical properties of the prepared 
foams. It was found that 2 pbw of DMMP was the optimum quantity of fire retardant, 
which exhibited balanced fire resistance and mechanical properties for the considered 
polyurethane foam matrix. Analysis of thermal stability and burning behavior of RPFs 
indicated that the decomposition products of DMMP may retard the combustion of 
polyurethane in the gaseous phase. Our study suggests that limonene polyol can be used 
for the preparation of rigid polyurethane foams. The addition of a small amount of DMMP 
















3.0 BIOWASTE DERIVED CARBON FOR SUPERCAPACITORS 
 
 
3.1 Experimental  
3.1.1 Materials and Synthesis of Activated Carbon 
The waste orange peels were collected from household and subsequently washed, 
cleaned, and dried at 60 oC. Dried orange peels were crushed in to a fine powder. The 
obtained orange peel powder was pre-carbonized at 400 oC for 2 hours under nitrogen 
atmosphere. Subsequently, chemical activation of the resultant carbon powder was 
performed by using KOH as an activation agent. Carbon powder (1 g) and KOH pellets (1 
g) were thoroughly mixed and pyrolyzed at 800 oC for 2 hours inside a tube furnace under 
a nitrogen flow. The collected black mass was ground into powder and rinsed with 1M HCl 
and DI water. The powder was dried at 60 oC overnight. The obtained sample was named 
OPAC-1. Accordingly, porous carbons with a different activation level were prepared by 
changing the mass ratio of KOH (1:0.5, 1:2, 1:3), these samples were named OPAC-0.5, 
OPAC-2, and OPAC-3. The sample without KOH activation (OPUAC) was used as the 
control.  
3.1.2 Structural Characterization  
To investigate the crystallite structure of synthesized carbon, X-ray powder 
diffraction (Shimadzu X-ray diffractometer) was conducted using 2θ-θ scan, employing 
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CuKα1 (λ=1.5406 Å) as the radiation source. Raman spectroscopy (Model Innova 70, 
Coherent) was performed using an argon ion laser with a wavelength of 514.5 nm as the 
excitation source. Thermogravimetric analysis (TGA) was performed under nitrogen flow 
at a rate of 10 °C/min on a TA instrument (TA 2980). Morphology and microstructure of 
the carbon sample was determined by scanning electron microscopy (JEOL 7000 FE-
SEM). Nitrogen adsorption/desorption isotherms were performed using an ASAP 2020 
volumetric adsorption analyzer (Micrometrics, USA) at 77 K. Prior to the analysis, samples 
were degassed for 24 hours at 90 °C. The Brunauer-Emmett-Teller (BET) method and 
Barrett-Joyner-Halenda (BJH) theory were used to calculate the specific surface area and 
to derive pore size distributions, respectively.  
3.1.2 Electrochemical Measurements 
Electrochemical properties of the orange peel derived carbon (OPC) was evaluated 
utilizing three-electrode system and supercapacitor device. In both methods, electrodes 
were prepared by coating a viscous slurry of 80% (w/w) OPC, 10% (w/w) acetylene black, 
and 10% (w/w) polyvinylidene difluoride in N-methyl pyrrolidinone onto a nickel foam 
substrate. In the three-electrode system, electrochemical properties were studied using 
OPC coated nickel foam as a working electrode, a platinum strip as a counter electrode, 
and saturated calomel electrode as a reference electrode in three different electrolytes (3M 
KOH, NaOH and LiOH). A symmetrical supercapacitor was assembled by inserting an ion 
transporting layer between two identical OPAC-1 electrodes, followed by immersion in 
3M KOH electrolyte. The cyclic voltammetry (CV), galvanostatic charge-discharge 
(GCD), and electrochemical impedance spectroscopy (EIS) were completed using a 
VersaSTAT 4–500 electrochemical workstation (Princeton Applied Research, USA). 
 
  36 
 
Frequency range for EIS was varied from 0.05 to 10 kHz with 10 mV of AC voltage 
amplitude. The gravimetric capacitance (Cg / Fg
-1) for the three electrodes system and areal 
capacitance (Ca / Fcm
-2) for the supercapacitor were calculated from CV (Equation 3.1 and 
3.2) and GCD (Equation 3.3 and 3.4) measurements: 
Cg =  
Q
∆V × (∂V ∂t⁄ ) ×m
   … (3.1) 
Ca =  
Q
∆V × (∂V ∂t⁄ ) ×A
   … (3.2) 
Where, Q is the area under the CV curve (C), ∂v/∂t is the scan rate (V/s), ΔV is the potential 
window (V), and m is the mass (g) of the OPC, and A is the active area (cm2) of the 
electrode. 
Cg =  
I × ∆t
∆V × m
  … (3.3) 
Ca =  
I × ∆t
∆V × A
  … (3.4) 
where, I is the discharge current (A), Δt is the discharge time (s), ΔV is the potential 
window (V), m is the mass (g) of the OPC, and A is the active area (cm2) of the electrode. 
The energy density (E / Whcm-2) and power density (P / Wcm-2) of symmetrical 





  … (3.5) 
P =  
E×3600
t
  … (3.6) 
where, Ca is the areal capacitance (Fcm
-2) calculated from galvanostatic charge-discharge 
measurements, ΔV is the potential window (V), and t is the discharge time (s). 
3.2 Results and Discussion 
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3.2.1 Structural Properties of Activated Carbon 
Figure 3.1 illustrates the conversion of waste orange peel to porous carbon through 
pre-carbonization and pyrolysis in the presence of a chemical activator. Subsequently, 
synthesized carbon was utilized to fabricate electrodes for symmetric supercapacitors. 
 
Figure 3.1  Schematic diagram for the preparation of supercapacitor from waste OP, (a) 
Image of raw OP and approximated calculation of OP waste generated in juice industry per 
year, (b) OP derived activated carbon and its pore structure, and (c) components of the 
fabricated supercapacitor 
Figure 3.2a displays the XRD patterns of unactivated and activated carbonized OP 
with different mass ratios of KOH. XRD peaks center around 2θ of 24o and 44o in all the 
carbon samples and correspond to (002) and (100) planes of graphitic carbon.  Broad and 
low intensity peaks indicate the disordered nature of the carbon samples. The 
characteristics peaks become broader and reduce intensity as the KOH mass ratio increases 
from 0 to 3, suggesting the decrease in graphitic structure in the OPACs [121]. These 
observations revealed that the degree of graphitization of the carbon sample was governed 
by the chemical activation agent. Further, the graphitic structure of unactivated and 
activated carbons were investigated by Raman spectra (Figure 3.2b). Two characteristics 
peaks around 1340 and 1582 cm-1 were assigned for D-band and G-band of carbon, 
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respectively. D-band corresponds to the sp3 hybridized disordered carbon phase, while G-
band relates to sp2 hybridized graphitic phase of the carbon [122,123]. The proportion of 
the disordered carbon presence in a sample can be described by the relative intensity of D-
band and G-band (ID/IG ratio). The ID/IG ratio for OPUAC was 0.88, whereas ID/IG ratios 
for OPAC-0.5, OPAC-1, OPAC-2, and OPAC-3 were found to be 0.91, 0.90, 0.91, and 
0.96, respectively, considerably higher than the unactivated carbon sample. The rise of the 
ID/IG ratio for the KOH activated carbon suggests that harsh chemical treatment disturbed 
the structural order of the carbon. However, the graphitization level of our activated carbon 
materials (IG/ID > 1.04) are significantly higher than the IG/ID ratio of commercial activated 
carbon (0.52) [124], indicating its suitability as an electrode material due to excellent 
electrical conductivity. Pyrolysis behavior of orange peel precursor was analyzed under 
nitrogen atmosphere using thermogravimetric analysis. Thermogravimetric (TG) and its 
derivative (DTG) curves are given in Figure 3.2c. Generally, pyrolysis of biomass involves 
the thermal decomposition of lignocellulose material by releasing volatile matter and 
forming char. As seen in DTG curve, the appearance of peaks in the temperature range of 
50-100 oC, 200-300 oC, and 300-400 oC can be attributed to the dehydration of orange peel 
and decomposition of hemicellulose and cellulose, respectively [125,126]. Lignin pyrolysis 
occurs steadily over a wide temperature range, the weaker peak between 430-500 oC may 
represent the decomposition of lignin. Lignin contributes predominately to the formation 
of char [127,128] and about 21% of char yield was observed at 700 oC. 
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Figure 3.2  (a) XRD spectra and (b) Raman spectra of OPUAC and OPACs carbons, and 
(c)TG and DTG curves of orange peel powder 
The SEM images in Figure 3.3 revealed the effect of chemical activation and 
pyrolysis on the morphology of carbon synthesized from the orange peel precursor. The 
pyrolysis of the pre-carbonized precursor in the presence of KOH (chemical activating 
agent) produced open channels with non-uniform honeycomb-like morphologies on the 
surface (Figure 3.3a-d). The pyrolysis of the pre-carbonized precursor without employing 
a chemical activating agent produced a sheet-like structure (Figure 3.3e). More prominent 
and widely spread honeycomb-like structures were observed with increasing KOH mass 
ratio. The schematic of the honeycomb and open tubular channels structures is illustrated 
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in Figure 3.3f. The presence of an open channel structure forms porous carbon, which 
provides electrolyte ions a higher surface area to access and a path for transportation during 
charge storage process [129,130]. The activation of the carbon by KOH at 800 oC 
proceeded according to the following reaction: 
6KOH + C → 2K + 3H2 + 2K2CO3   … (3.7) 
Subsequently, K2CO3 decomposed and the resultant products further reacted with the 
carbon to form the hollow chanels inside the carbon matix [131,132].  
 
Figure 3.3  SEM image of (a) OPAC-0.5, (b) OPAC-1, (C) OPAC-2, (d) OPAC-3, (e) 
OPUAC, and (f) schematic diagram of porous structure in carbon derived from OP 
The nitrogen adsorption-desorption isotherms of OPACs and OPUAC samples are 
illustrated in the Figure 3.4a. It was evident that pore structure and specific surface area of 
the resultant carbon were influenced by mass ratio of the activating agent. The OPAC-2 
and OPAC-3 showed type I isotherm curves with the majority of N2 adsorption at relative 
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pressures (P/P0) below 0.3 and near parallel slope (to x-axis) of the isotherm above 0.3 of 
P/P0, which is typical to micropores in the carbon. On the other hand, OPAC-0.5 and 
OPAC-1 showed combination of type I and IV isotherm curves with a sharp slope at 
relative pressure less than 0.1, followed by steady increase in the N2 adsorption and the 
appearance of distinguishable hysteresis loops at P/P0 over 0.5, demonstrating the existence 
of both micropores and mesopores [133]. In contrast, very low N2 adsorption of OPUAC 
indicated the almost non-existent porous structure. 
These observations were further confirmed by the BJH pore size distribution plot 
(Figure 3.4b). Pore size of OPAC-1 and OPAC-0.5 was mainly centered at the 3-4 nm 
range, along with a smaller fraction of pores around 2 nm, whereas OPAC-2 and OPAC-3 
did not exhibit a complete distribution at smaller pore size end and overwhelmingly 
consisted of pores with a diameter of less than 2 nm. Therefore, the structure of OPAC-1 
and OPAC-0.5 was a combination of meso-micropores with a larger proportion of 
mesopores. OPAC-2 and OPAC-3 contained abundant of micopores. Table 3.1 summarizes 
the pore characteristics of the carbon materials. Specific surface area of the OPAC-0.5 to 
OPAC-3 continuously increased from 1004 to 2521 m2/g; similarly, pore volume also 
increased from 0.52 to 1.30 cm3/g, respectively. Significantly lower specific surface area 
and pore volume were observed for OPUAC (0.852 m2/g and 0.0004 cm3/g, respectively). 
Nevertheless, pore diameter was reduced in the activated OP samples from 1.69 to 1.04 nm 
as the KOH mass ratio increased from 0.5 to 3. It was obvious that the progressive 
increment of the KOH mass ratio during the activation process continued to etch the carbon 
matrix deeper, while maximizing the pore volume and surface area instead of enlarging 
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pore diameter. Therefore, substantial proportion of micropores were created at higher KOH 
mass ratios.  
 
Figure 3.4  Nitrogen adsorption-desorption isotherms and (b) BJH pore size distributions 
of OPUAC and OPACs carbons 
Table 3.1  Pore characteristics and surface area of unactivated and activated carbons 
Sample SBETa (m2/g) Vtotalb (cm3/g) Davec (nm) 
OPAC-0.5 1004 0.52 1.69 
OPAC-1 1391 0.72 1.59 
OPAC-2 1960 1.01 1.45 
OPAC-3 2521 1.30 1.04 
OPUAC 0.852 0.0004 1.16 
a Surface area measured form BET method, b Total pore volume, and c Average 
pore diameter 
 
The existence of both micro and mesopores is a favorable feature in activated 
carbon based electrode for supercapacitor applications. Presence of micropores provide 
larger surface for the adsorption–desorption process of electrolyte ions. Mesopores also 
ensure a highly accessible surface area and offer wider channels for several electrolyte ions 
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to diffuse at the same time without experiencing a geometric resistance [134,135]. 
Therefore, superior electrochemical performances in OPAC-1 were presumed due to the 
higher fraction of mesopores and enhanced surface area. 
3.2.2 Electrochemical Properties of Activated Carbon 
Electrochemical performance of supercapacitor electrodes based on OP derived 
carbon were studied employing three-electrode system in 3M KOH electrolyte. Figure 3.5a 
compares the cyclic voltammetry curves of OPUAC and OPACs at the scan rate of 10 
mV/s. OPACs electrodes exhibited symmetrical rectangular shaped CV curves. In the 
absence of any redox peaks, this represents a typical electric double layer mechanism. In 
contrast, OPUAC had a smaller and highly distorted rectangular CV curve, indicating low 
charge storage capacity compared to OPUAC electrodes. Figure 3.5b displays the variation 
of specific capacitance at different scan rates for OPUAC and OPACs, suggesting that 
activated OP carbons have superior charge storage capacity than the unactivated OP 
carbon. Furthermore, OPAC-1 exhibited slightly higher specific capacitance compared to 
the other activated carbons. Galvanostatic charge-discharge profiles at current density of 1 
A/g and specific capacitance at different current densities for the OPUAC and OPACs 
electrodes are shown in Figure 3.5c,d. The symmetric and linear nature of the charge-
discharge profiles provided further evidence for the EDL behavior of the electrodes. 
Shortest discharging time and lowest capacitance of 115 F/g at 1 A/g was given by 
OPUAC. Chemical activation of the pre-carbonized OP significantly enhanced the 
capacitance. OPAC-1 provided the highest capacity of 217 F/g at 1 A/g and for the entire 
current density range (Figure 3.5d). OPAC-2 and OPAC-3 had higher specific surface area 
than that of OPAC-1, indicating that increased chemical activator amount and high surface 
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area did not always improve the charge storage capacity. Higher specific surface area of 
the OPAC-2 and OPAC-3 was attained through substantial presence of micropores. 
However, very narrow micropores restricted the ion transfer process, reducing the effective 
surface area for electrolyte ion adsorption. Therefore, OPAC-1 electrode provided the 
maximum capacitance. 
       
     
Figure 3.5  (a) CV curves at the scan rate of 10 mV/s, (b) Specific capacitances at various 
scan rates, (c) GCD profiles at the current density of 1 A /g, and (d) Specific capacitances 
at different current densities of OPUAC and OPACs electrodes in 3M KOH electrolyte 
Electrochemical properties of OPAC-1 electrode were studied in detailed by 
performing CV at different scan rates (Figure 3.6a) and GCD at different current densities 
(Figure 3.6b). At low scan rates, CV curves exhibited a near perfect rectangular shape and 
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the shape was retained even at higher scan rates with a minor distortion, suggesting a rapid 
and unrestricted charge transfer process, owing to meso-/micropore combination of OPAC-
1. As seen in the Figure 3.6b, charge-discharge profiles maintained linear and symmetric 
nature even at higher current densities, indicating an efficient electrolyte ion diffusion 
process. The IR drop (voltage drop) at the starting of the discharge curve accounts for total 
resistance in the electrode [68]. IR drop of 4 mV at 0.5 A/g was observed and it only 
increased to 194 mV even with a high discharge current of 20 A/g (Figure 3.6c,d). 
 
 
Figure 3.6  (a) CV curves at various scan rates, (b) GCD characteristics at different current, 
IR drop at current density of (c) 0.5 A/g and (d) 20 A/g of OPAC-1 electrode in 3M KOH 
electrolyte 
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Figure 3.7a illustrates the CV curves for different bending angles at a scan rate of 
100 mV/s. Shape of the CV curves remained identical, indicating that OPAC-1 electrode 
sustained its electrochemical properties under flexing. This suggested potential application 
of OPAC-1 electrode in flexible supercapacitors. Long term cyclic stability of a 
supercapacitor is another important feature that determines its practical applicability. 
Cyclic stability of OPAC-1 was evaluated by performing continuous charge-discharge 
cycles at 3A/g (Figure 3.7b). The capacitance for first 500 cycles gradually increased until 
capacitance retention reached to 105%, followed by an almost steady capacitance delivery. 
The capacitive performance improved to 108% of its initial value over 5,000 cycles. The 
initial improvement in capacitance was due to the activation of the OPAC-1 electrode by 
progressive wetting of the electrode with electrolyte [136,137]. Perfectly overlapped 
charge-discharge profiles of first and last five cycles (inset in Figure 3.7b) provided further 
evidence for the excellent long term cyclic stability of OPAC-1.  
       
Figure 3.7  (a) CV curves for various bending angles at the scan rate of 100 mV/s and, (b) 
Cyclic stability at current density of 2 A/g for 5,000 cycles and inset shows GCD profiles 
of first and last few cycles of OPAC-1 electrode in 3M KOH electrolyte 
To understand the effect of electrolytes, the specific capacitance of OPAC-1 was 
measured in 3M KOH, 3M NaOH and 3M LiOH at different current densities (Figure 3.8a) 
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and scan rates (Figure 3.8b). OPAC-1 exhibited highest specific capacitance of 407 F/g at 
a current density of 0.5 A/g and 320 F/g at a scan rate of 2mV/s in KOH electrolyte. Also, 
OPAC-1 delivered superior capacity than NaOH and LiOH electrolytes across the 
measured current density and scan rate range. The improved electrochemical properties in 
KOH electrolyte can be ascribed to smaller hydrated ionic radius of K+ (3.31 Ǻ), which is 
lower than the hydrated ionic radius of the Na+ (3.58 Ǻ) and Li+ (3.82 Ǻ). The ionic 
conductivity of hydrated ions increases with a decrease in ion size [134]. This facilitated 
the access to innermost pores of the OPAC-1 for the K+ and reduced the transition time 
between the adsorption-desorption process. Therefore, OPAC-1 in KOH electrolyte 
exhibited the maximum charge storage capacity. Also, a different rate behavior of OPAC-
1 was observed in these electrolytes. Figure 3.8c,d displays the CV curves of OPAC-1 at 
10 and 200 mV/s in KOH, NaOH and LiOH. The area under the curves were almost equal 
at low scan rate, indicating similar charge storage behavior in three electrolytes. In contrast, 
charge storage capacity deviated at a high scan rate, increasing order of LiOH < NaOH < 
KOH. The least decayed of capacitance in KOH electrolyte can be credited to the smallest 
hydrated radius of K+ among three metallic ions. Therefore, hydrated K+ possessed the 
highest ionic conductivity and shortest relaxation time during the diffusion process, 
resulting an increment in the rate capability of OPAC-1 in LiOH < NaOH < KOH, in this 
order.  
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Figure 3.8  (a) Specific capacitances at different current densities, (b) Specific 
capacitances at various scan rates, and CV curves at the scan rates of (a) 10 mV/s and (b) 
200 mV/s of OPAC-1 in 3M KOH, NaOH and LiOH electrolytes 
Additionally, electrochemical impedance spectra were conducted to understand the 
electrochemical behavior of OPAC-1 in three different electrolytes. Figure 3.9a shows the 
Nyquist plots of OPAC-1 electrode in 3M KOH, NaOH and LiOH in a frequency range 
from 10 kHz to 0.05 Hz. Nyquist plots in three electrolytes had a similar shape, a modest 
semi-circle at mid to high frequency range, and straight line at low frequency. Interception 
at the real axis in the high frequency (inset Figure 3.9a) was an indication of the solution 
resistance [138]. The corresponding values for the solution resistance (RS) were 0.83, 0.58 
and 0.36 Ω for LiOH, NaOH, and KOH, respectively. Therefore, the KOH electrolyte had 
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better conductivity than NaOH and LiOH electrolytes. The diameter of the semi-circle 
represented the charge transfer resistance at the double layer [77], which was decreasing 
in the following sequence, LiOH > NaOH > KOH. The lowest charge transfer resistance 
value in KOH electrolyte suggests that K+ contributed to an efficient charge adsorption-
desorption process on the electrode-electrolyte interface due to its smaller hydrated ionic 
radius [139]. At a low frequency range, a near vertical straight line for KOH electrolyte 
can be observed, indicating a perfect capacitive behavior and efficient ionic diffusion 
process. Equivalent circuit was simulated using the EIS data to obtain the quantitative value 
for each electrochemical component of the electrode. The equivalent circuit and parameters 
of the OPAC-1 in three electrolytes are given in the Figure 3.9b. The equivalent circuit 
included the components related to solution resistance (RS), charge transfer resistance 
(RCT), constant phase elements (Q1 and Q2), and capacitance (C). Existence of the constant 
phase elements in the electrode can be attributed to capacitance of the double layer and the 
chaotic nature of the diffusion process or irregularities in electrode-electrolyte interface 
[140]. According to the simulated values total capacitance in three electrolytes increased 
in the order of LiOH < NaOH < KOH, which was consistent with the charge storage 
capacitance calculated from GCD and CV measurements (in Figure 3.8a,b).  Bode plots 
(frequency vs. impedance) of three different electrolytes further confirmed the outstanding 
rate capability in KOH electrolyte (Figure 3.9c). At low frequency range (<1 Hz), the 
difference between the impedances in the three electrolytes were insignificant. Beyond the 
frequency of 1 Hz, a low impedance was observed for KOH compared to the NaOH and 
LiOH, indicating an excellent rate capability in KOH electrolyte. 
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Figure 3.9  (a) Nyquist plots with inset displaying magnification at higher frequency 
region, (b) Equivalent circuit obtained from simulating the EIS data and fitting values for 
the components of the equivalent circuit, and (c) Bodes plots of frequency vs impedance 
for OPAC-1 electrode in 3M KOH, NaOH LiOH electrolytes 
OPAC-1 produced the optimum specific capacitance of 407 F/g at 0.5 A/g in 3M 
KOH electrolyte. However, reduction in specific capacitance with increasing current 
density was noticed. This was an effect of limited electrolyte ions diffusion to the 
micropores and a decreased amount of electrolyte ions accumulated on the electrode 
surface, owing to insufficient time at higher current densities [77,141]. Specific 
capacitance for OPAC-1 electrode was superior or comparable to the capacitance of 
previous biomass derived electrodes. Table 3.2 displays the capacitive performance of the 
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recently synthesized activated carbon from the biomass precursors. It should be noted that 
charge storage capacity of OPAC-1 was higher than commercially available activated 
carbons (< 200 F/g) [55], and even comparable to the more advanced forms of carbons 
such as graphene-based materials (100-347 F/g) [142], nitrogen doped graphene (138-326 
F/g) [143], and CNT (128-335 F/g) [144]. The high capacitive performance of our material 
can be attributed to higher specific surface area, along with the prominent mesopore 
structure with 3-4 nm pore size in activated orange peel carbon. This provided larger 
surface for adsorption-desorption process of the ions and efficient pathways to ion transfer.  














Pitch 2602 263 0.05 6M KOH [145] 
Porous starch 3251 304 0.05 6M KOH [146] 
Celtuce leaves 3404 421 0.5 2M KOH [147] 
Sago bark 58 113 0.02 5M KOH [148] 
Corn straw 1413 379 0.05 6M KOH [149] 
Bamboo 3061 258 0.1 6M KOH [73] 
Oil palm kernel shell 462 210 0.5 1M KOH [68] 
Rice husk 2696 147 0.1 6M KOH [61] 
Ramie 1616 287 0.05 6M KOH [80] 
Camellia oleifera shell 1935 266 0.2 6M KOH [150] 
Soybean residue 1950 261 0.2 1M H2SO4 [151] 
Neem dead leaves 1230 400 0.5 1M H2SO4 [135] 
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3.2.3 Electrochemical Properties of Orange Peel based Supercapacitor 
Considering the high electrochemical performance of the OPAC-1, a symmetric 
supercapacitor was fabricated by assembling two OPAC-1 electrodes as the negative and 
positive electrodes. CV measurements were performed between 0 to 1 V in 3M KOH 
electrolyte for various scan rates (Figure 3.10a). The OPAC-1 based supercapacitor 
exhibited rectangular shaped CV curves at low scan rates and continued to maintain a 
rectangular shape without major distortion with increasing scan rate, indicating its 
suitability as a fast charge-discharge supercapacitor device. Charge storage process of an 
energy storage device can be identified by power law equation below.  
i = avb   … (3.7)  
where, i is the peak current (mA), v is the scan rate (V/s), and a and b are coefficients. 
Value for coefficient b determines whether the charge storage mechanism is either 
capacitive (b=1) or semi-infinite diffusion controlled (b=0.5) [152,153]. The logarithms of 
discharge current density vs logarithms of scan rate were plotted (Figure 3.10b) and 0.89 
was obtained for the coefficient b. This suggests that charge storage process of the OPAC-
1 supercapacitor was based on accumulation of electrical charges at electrode-electrolyte 
interface.  
GCD profiles for OPAC-1 supercapacitor at different current densities in Figure 
3.10c resemble a quasi-triangle shape, further confirming the formation of EDL during the 
charge storage process. IR drop for the supercapacitor was negligible even for higher 
current densities, which provided evidence for the minimum internal resistance of the 
device. The highest specific capacitance of 1728 mF/cm2 was observed for the device at 
scan rate of 2 mV/s (Figure 3.10d). Figure 3.10e shows the specific capacitance of OPAC-
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1 based supercapacitor at various current densities. The specific capacitance of the 
supercapacitor decreased from 729 to 697 mF/cm2 as the current density increased from 2 
to 14 mA/cm2, demonstrating an impressive capacitance retention of 96 % across the same 
current density range. This further confirmed the high rate capability of the OPAC-1 
supercapacitor. The well-developed structure of OPAC-1 facilitated the high rate capability 
by providing an unhindered pathway to ion transfer. 
Energy and power density of the OPAC-1 supercapacitor is illustrated using a 
Ragone plot in Figure 3.10f. The supercapacitor delivered energy density between 100.4 
to 93.4 mWh/cm2 for the corresponding power density from 0.99 to 6.87 W/cm2, while 
maintaining 93% from its highest energy density.  These values were compared to 
previously reported supercapacitors based on other forms of carbons (inset Figure 3.10f). 
For example, energy and power performance of polyaniline deposited CNT (50.98 
μWh/cm2 at 28.404 mW/cm2) [154], graphene oxide-polypyrrole composite (16.8 
μWh/cm2 at 0.08 mW/cm2) [155], polypyrrole-MnO2-CNT coated cotton thread (33 
μWh/cm2 at 0.67 mW/cm2) [156], CNT coated carbon microfiber (9.8 μWh/cm2 at 0.189 
mW/cm2) [157], and graphene-cellulose paper (1.5 μWh/cm2 at 0.01 mW/cm2) [158] were 
inferior to our work. High power capability of OPAC-1 supercapacitor indicates its 
potential for applications where rapid release of energy is required.   
 





Figure 3.10  (a) CV curves at various scan rates, (b) log (discharge current density) vs log 
(scan rate) plot obtained using discharge current densities at 0.5 V from the CV curves at 
various scan rates, (c) GCD profiles at different current densities, (d) specific capacitances 
at different current densities of supercapacitor based on OPAC-1 in 3M KOH electrolyte, 
and (f) Ragone plot comparing OPAC-1 to previous reports 
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The temperature dependence of the OPAC-1 supercapacitor was studied by 
performing electrochemical measurements in the temperature range between 10 to 80 oC. 
Figure 3.11a displays the CV curves at 100 mV/s for various temperatures. The near 
rectangular shaped CV curves were observed even for the higher temperatures, indicating 
retention of the ideal EDL behavior and its excellent stability in a broad temperature range. 
Figure 3.11b shows GCD profiles of supercapacitor at a current density of 10 mA/cm2 for 
different temperatures. The discharge time continued to increase as the temperature 
increased from 10 to 80 oC. As a result, charge storage capacity improved. The change in 
the capacitance at each temperature relative to capacitance at 10 oC was calculated (Figure 
3.11c). A nearly 34% improvement in the capacitance was observed with the temperature 
increased from 10 to 80 oC at both current densities of 10 and 14 mA/cm2. 
To investigate the temperature dependence of the charge storage process, EIS 
measurements were performed at different temperatures. Figure 3.11d compares the 
Nyquist plots of OPAC-1 supercapacitor, measured at 10, 20, 40 and 70 oC. The features 
of the Nyquist plots, i.e. interception at real axis in high frequency region, diameter of the 
semi-circle at mid-high frequency region, and length of the straight line at low frequency 
range were associated with ohmic resistance of the solution, charge transfer resistance at 
electrode-electrolyte interface, and ion diffusion resistance, respectively. All of these 
parameters decreased with the increased in temperature.  The decreased in the series 
resistance was a result of enhanced kinetic activity of electrolyte ions at elevated 
temperatures, rather than change in the electrical properties of electrode material [159]. 
Increased mobility of electrolyte ions caused the 34% increment in the capacitance value 
with increasing temperature. Figure 3.11e shows the Bode impedance plots at 10, 20, 40 
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and 70 oC of OPAC-1 device. It was noted that the impedances below 1 Hz were almost 
equal for the considered temperatures, while for the frequencies above 1 Hz, the impedance 
reduced faster with increasing temperature. These observations suggested that 
supercapacitor based on pyrolyzed orange peel induced superior electrochemical 













  57 
 
    
          
 
Figure 3.11  (a) CV curves for various temperatures at the scan rate of 100 mV/s, (b) GCD 
profiles for various temperatures at the current density of 10 mA/cm2, (c) % change of the 
specific capacitance against temperature, (d) Nyquist plots with inset displaying 
magnification at higher frequency region, and (e) Bodes plots of frequency vs impedance 
for OPAC-1 supercapacitor in 3 M KOH electrolyte 
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3.3 Summary 
Sustainable and renewable carbon with well-developed porous structure was 
synthesized via simple pyrolysis and chemical activation from readily available waste 
orange peel. A higher mass ratio of activation agent produced carbon with a larger surface 
area and a higher micropore fraction. However, it was found that carbon with mesopores 
and suitable pore size contribute to the higher capacitive performance. Among the studied 
alkaline electrolytes, these carbon materials exhibited optimum charge storage and rate 
capability in KOH electrolyte, along with 108% capacitance retention over 5,000 cycles 
and identical electrochemical performance in different bending angles, indicating its 
potential as a stable and flexible electrode material. The prepared supercapacitor device 
showed superior energy density (100.4 mWh/cm2) and power density (6.87 W/cm2), 
improved temperature performance and negligible IR drop, owing to a suitable pore size 
and a higher degree of graphitization. This work presents the creation of proper electrode 
architecture and selection of an efficient electrolyte system to enhance the charge storage 
capacity of biowaste derived activated carbon for high performance, sustainable, and cost 
















4.0 CONCLUSIONS AND FUTURE WORKS 
 
 
4.1 Conclusions  
Limonene, an extract from orange peel, allowed the synthesis of bio-based polyol 
with a simple chemical route, which was readily utilized for the preparation of green 
polyurethane rigid foams. The prepared polyurethane rigid foams were suitable for thermal 
insulation applications due to the industrially acceptable density around 35 kg/m3, excellent 
closed cell content over 90%, and higher compressive strength around 230 kPa. Inclusion 
of DMMP eliminated the fire risk and made these green PU foams even safer to use by 
reducing the burning time of neat PU foam by 83%. 
Carbon based electrode material were easily synthesized by using orange peel 
waste, providing an alternative resource for petrochemical derived carbon. Chemical 
treatment of these bio-based carbon modified the graphitization, surface area, and pore 
volume. These modifications guided the selection of an optimum structure of carbon to 
achieve maximum charge storage capacitance, along with the selection of suitable 
electrolyte. OP derived carbon manifested high charge storage capacity, very high energy 
and power density, perfect long term cyclic stability, excellent rate behavior, suitability for 
flexible energy storage devices, and improved performance at elevated temperatures. In 
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summary, this thesis introduces a novel renewable resource and strategies to improve the 
efficiency of this renewable resource.  
4.2 Future Works 
The “Click” chemistry concept categorizes a set of reactions which produce high 
yield, employ uncomplicated reaction conditions, and are completed within a shorter time 
frame [160]. Synthesis of limonene polyol via thiol-ene coupling demonstrated some 
characteristics features of “click” chemistry. However, reaction time and yield can be 
further improved by adjusting the initiation conditions. In addition, combining limonene 
with thiol compounds having different number of alcohol groups can vary the hydroxyl 
number of the resultant polyols and subsequently the properties of PU foams. 
One of the remarkable achievement of this work was the substantial improvement 
in fire resistance of the rigid PU foams due to the addition of DMMP. During the long-
term use of foams, additives such as DMMP tends to leach out.  This can be avoided by 
reactively attaching phosphorous containing compounds to the polyurethane network, 
opening a new area of research. 
In this work, capacitive performance of the carbon electrode was achieved solely 
on formation of the EDL. Incorporation of pseudocapacitive behavior might be beneficial 
to improve the capacitive performance. Pseudocapacitance can be accomplished by either 
functionalizing the activated carbon or incorporating a metal oxide. Designing of a proper 
mixed system to improve the capacitance of bio-based carbon can be an interesting research 
topic. 
Here, three different types of aqueous electrolytes were used. However, the 
potential window for the aqueous electrolytes are limited to 1.2 V, which invariably 
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reduced the charge storage capacity, whereas organic electrolytes offer a higher operating 
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